The effects of climate warming on the thermal habitat of 57 species of fish of the U.S. were estimated using results for a doubling of atmospheric carbon dioxide that were predicted by the Canadian Climate Center general circulation model. Baseline water temperature conditions were calculated from data collected at 1,700 U.S. Geological Survey stream monitoring stations across the U.S. Water temperatures after predicted climate change were obtained by multiplying air temperature changes by 0.9, a factor based on several field studies, and adding them to baseline water temperatures at stations in corresponding grid cells. Results indicated that habitat for cold and cool water fish would be reduced by -5O%, and that this effect would be distributed throughout the existing range of these species. Habitat losses were greater among species with smaller initial distributions and in geographic regions with the greatest warming (e.g. the central Midwest). Results for warm water fish habitat were less certain because of the poor state of knowledge regarding their high and low temperature tolerances; however, the habitat of many species of this thermal guild likely will also be substantially reduced by climate warming, whereas the habitat of other species will be increased.
The threat of global climate change has stimulated the publication of numerous research papers dealing with the potential effects of surface and groundwater warming on the thermal habitat of freshwater fish (e.g. Coutant 1990; Magnuson et al. 1990; Meisner 1990; Stefan et al. 1995) . With few exceptions (e.g. Shuter and Post 1990) , most of these studies deal with responses to temperature in single water bodies or small geographic regions, so we decided to attempt an assessment of effects at a much larger scale consisting of the lower 48 states. Most of the studies cited above also dealt with effects of climate change on lake fish or habitat. We expected that using less detailed input data would keep the analysis manageable, but that we would use information compiled for or generated from previous smaller scale studies. These existing data include a quality-assured database of historical surface water temperature maxima at U.S. Geological Survey (USGS) stream monitoring stations and maximum temperature tolerances estimated from a field database for several dozen freshwater species of fish, as reported by Eaton et al. (1995) ; results of analyses of the relationship between air temperature and stream-water temperatures (Stefan and Preud'hommc 1993; Sinokrot and Stefan 1993) ; and a
Acknowledgments
We thank Doug Fairchild for assistance in locating and acquiring records of water temperatures and fish collections, for assimilating information on the current distribution of the 57 subject fish species, and for critical review of the analysis procedure and the manuscript. WC also thank Don Fruehling for conducting many GIS analyses of data and providing the map figures, and two anonymous reviewers for their comments on the manuscript. geographic information system (GIS) for spatially relating geographically referenced stream temperatures, fish species occurrences, and climate model grid cell meteorological projections.
The broad range of data collected geographically (throughout the U.S.) and historically (over several decades) make the USGS data valuable for analysis of changes in fish thermal habitat. Although some inaccuracies may result because of the uneven distribution of monitoring stations, this is still the largest and most comprehensive survey of rivers available. Several major information gaps interfere with an analysis of water quality and fish responses to climate change, including the lack of comprehensive knowledge of the thermal tolerance of most species and uncertainties in the driving factors (future climate projections). Therefore, our objective was to conduct a preliminary, semiquantitative analysis of the effects of climate warming on fish thermal habitat in the U.S.
Materials and methods
Surface water temperature data -Records from the USGS national water data storage and retrieval (WATS-TORE) daily values file (Showen 1980) were the source of baseline stream-water temperatures that were used to estimate climate change effects. The daily values used in this study were either provided by USGS or calculated from at least two daily measurements, usually a minimum and maximum. Weekly means were then calculated from these daily means. Data were quality assured using a computer program that finds values obviously beyond normal temperature extremes or values recorded in differing units 1109 ----. I----j---p--._-_ --,---y- Fig. 1 . The average of July, August, and September 2 x CO, air temperature increases projected by the CCC-GCM for each grid cell.
that were considered flawed and were ignored in subsequent manipulations. The temperature files were uploaded to the U.S. EPA Cray C94 supercomputer to calculate weekly mean temperatures for every week on record for every USGS stream sampling station.
The effect of climate change on stream temperatures was estimated by integrating projections from the Canadian Climate Center general circulation model (CCC-GCM) with the USGS stream temperatures. The CCC-GCM predicted monthly climate change for grid cell areas of 3.7 5 x 3.75" and was run for current climate conditions and to predict future climate conditions after a doubling of the atmospheric COZ concentration (2 xCOZ) (McFarlane et al. 1992) . The difference between these monthly grid cell values was calculated to be the predicted change in air temperature. The means of the predicted changes for summer months (July, August, and September) when stream temperatures are highest, are shown in Fig. 1 . To put these increases into a broader perspective, the CCC-GCM predicted a change in global mean surface air temperature over land of + 4.4"C, although for some grid cells a negative change in temperature for 1 or 2 months was predicted (P. T. Y. Louie in prep.).
Because the information on thermal tolerances of fish species was expressed in terms of the maximum weekly average water temperature (i.e. the highest of the 52 weekly average temperatures in a year), this time-temperature unit was used also as the baseline for climate change. The maximum weekly mean temperature was calculated for each USGS station for which there were more than 104 weeks (2 yr) of acceptable data. The USGS station is matched with the corresponding CCC-GCM grid cell to obtain the predicted 2 x CO2 air temperature change, which was then added to the baseline water temperature to estimate 2 x CO, water temperatures. Based on field studies of the air-water temperature relationship, Stefan and Preud'homme (1993) found weekly water temperature changes to average 0.86 the weekly air temperature changes for several streams of various sizes in the southern and northern U.S.; therefore, we multiplied the CCC-GCM air temperature change by 0.9 before adding it to the baseline stream temperature. This method produced baseline and predicted climate change maximum water temperatures for 1,776 stream stations located throughout the continental U.S.
A list of CCC-GCM grid cells that contain populations of each species was used to associate USGS stations and climate projections with the current geographic distribution of fish. Species were assumed to have the potential for inhabiting all streams in a grid cell on which monitoring stations were located if available records indicated that the fish had been found anywhere in that grid cell (Lee et al. 1980; Boschung et al. 1983; Page and Burr 199 1) . Eight species that have been widely introduced outside their native range (common carp, smallmouth bass, largemouth bass, bluegill, black crappie, brook trout, brown trout, and rainbow trout) were assumed to be pres- Table 1 . The 57 fish species used in the analysis, with the number ent throughout the U.S. wherever suitable thermal habitat of thermally suitable stations under baseline conditions, the number of existed. Although this procedure is based on crude ap-, thermally suitable stations after predicted global climate change, percent change in number of stations, and the maximum weekly average temproximation of a species' natural range, it reduces errors that would be introduced by including results for stations in areas where species are thought to be absent. The technique is probably less accurate in estimating baseline habitats for species inhabiting the largest rivers or for those species having specialized environmental requirements other than temperature. An analysis in which fish were located by state instead of grid cell, but was otherwise identical to that described above, produced similar results.
perature tolerance used in our estimates of habitat suitability. Fish thermal tolerance-The fish and temperature database matching system (FTDMS) described by Eaton et al. (1995) has been used to obtain maximum temperatures tolerated by 57 fish species found throughout the U.S. (Table 1 ). The technique matches fish presence records in space and time with stream temperature records using computer databases to estimate the highest weekly mean temperatures encountered by each species in its natural environment. The use of thermal refuges by fish is to some extent incorporated into this field data-based method for estimating maximum temperature tolerances (see Eaton et al. 1995) . In the opinion of Eaton and coworkers, the resulting temperature values closely approximate the maximum temperature tolerance of cold and cool water fish, but underestimate the tolerance of some warm water fish due to the southern limit (the U.S. border) of data collected for use in the FTDMS.
For our study, where species' ranges were determined to extend to or beyond the southern U.S. border, the upper zero net growth temperature (UZNG), if available, was used as a maximum tolerance temperature. The UZNG value is a high temperature at which fish can live for several days but at which they do not ingest enough food to gain weight under ad libidum feeding conditions in the laboratory. For the 12 warm water species for which no UZNG value was found, 34°C was estimated to be a reasonable mean UZNG temperature and was assigned to each species. UZNG and FTDMS values are similar for several fish species, for example 2 1 (Casselman 1978) and 22.4"C for brook trout, 23 (Baldwin 1956 ) and 24°C for rainbow trout, 28 (Casselman 1978) and 28°C for northern pike, and 29 (Smith and Koenst 1975) and 29°C for walleye. For other species, some UZNG values are higher and some lower than FTDMS values.
We can also assume that some warm water species are restricted by an intolerance of low temperatures in the U.S. (see Shuter et al. 1989; McCormick and Jensen 1992) . Minimum winter temperature tolerance limits for the species in our study have not yet been calculated from the available field database used to estimate maximum tolerances. Instead, an approximation consisting of the winter temperatures of stations with a maximum summer temperature of 26°C or higher, which is above the FI'DMS tolerance range for cold water species but includes the range for all cool water species, was used to define the low temperature tolerance limit for warm water species. The rationale for this value is that cool water and warm water fish frequently occupy the same habitats, but that cold and warm water fish do not. Several investigators (Meisner et al. 1987; Radforth 1944; Legendre and Legendre 1984) have observed a close relationship between summer air temperatures and the northern range limits of cool and warm water fish in the Great Lakes region. Winter thermal conditions may also restrict the distribution of a few cool-water species whose northern range limit is close to the U.S.-Canada border (e.g. northern hog sucker), but the lack of cold tolerance information leaves us no better alternative than to use high temperature tolerances (i.e. FTDMS values).
Climate change efects-We expressed the effect of climate change on species as the number of USGS monitoring stations at which suitable thermal habitat exists after climate change as compared to the number of stations before climate change and the percentage reduction or increase in the number of stations. The effects were also estimated by assigning species to cold, cool, or warm water thermal guilds and calculating an aggregate change for each guild. The cold water guild includes species with a maximum tolerance i 24.3"C, cool water fish include those with a tolerance of 26.5-29.9"C, and warm water fish are those with a tolerance ~30°C. As pointed out by Eaton et al. (1995) and seen in Table 1 , the thermal boundary between cool and warm water fish guilds is indistinct and the separation used here is arbitrary.
Results and discussion
The results of the analysis of climate warming effects for the 57 species considered are presented in Table 1 . A nearly 50% reduction in thermal habitat is projected for cold and cool water species, but only a 14.2% decrease is estimated for warm water fish. The distribution of USGS monitoring sites where suitable habitat is projected before and after climate warming is illustrated in Figs. 2-4 by representative cold (rainbow trout), cool (white sucker), and warm (largemouth bass) water fish. Rainbow trout and white sucker distributions indicate that cold and cool water fish will be least affected in higher latitude or elevation locations. Suitable habitat will be eliminated by climate warming throughout the range of a species-north as well as south. Largemouth bass show a graded increase in suitable habitat with latitude from the midsouth to the northern border of the U.S., resulting in a net increase in stations of 30% for this species. The high level of loss of warm water fish habitat in southern Indiana and Illinois and in Missouri can be explained by the particularly high degree of climate warming projected for this region (Fig.  1) . As the distribution map for rainbow trout indicates (Fig. 2) , there is a major regional effect in the northeastern U.S. where an air temperature increase of -4.5"C is projected (Fig. 1) . Meisner (1990) and others have pointed out that the southern distribution of brook trout in the U.S. is largely determined by the inflow to low-order streams of cooler groundwater. He calculated that the range limits of brook trout correspond to an annual groundwater mean of 15°C which is -l-2°C higher than mean annual air temperature. In summer, however, these low-order stream reaches with relatively more groundwater inflow have cooler temperatures than those containing a higher proportion of surface water runoff. Therefore, the effect of climate warming in groundwater-fed stream reaches often occupied by trout and certain other species probably is somewhat overestimated by the 0.9 air-water conversion factor used in our analysis. The type and amount of riparian vegetation also affects this air-water relationship and the rate of downstream warming (Sinokrot and Stefan 1993) . When they are near equilibrium with air temperature, mean daily water temperatures during summer are generally slightly cooler than corresponding air temperatures, although water can be warmer than the air and exceed a factor of 1.0 (Stefan and Preud'homme 1993).
Among all the cool water fish species, those with the smallest baseline distribution are projected to incur the greatest percentage of thermal habitat loss (correlation coefficient = 0.79, n = 16) and vice-versa (Table 1) . Baseline geographic distribution seems to be more significant in determining vulnerability than the degree of high temperature tolerance (correlation coefficient for maximum temperature tolerance and percentage change in stations = 0.16, n = 16). These results are due to a scale effect whereby it is less likely that suitable temperatures will still exist in a small geographic area (species range) after climate change than in a larger geographic area with its greater diversity of thermal conditions. Other detrimental environmental conditions caused by climate change, such as reduced stream flow or vegetation changes and reduced shading, will also influence future distribution, and these effects could likewise be magnified for species with the smallest initial distribution.
The projected decrease in habitat for warm water fish (Table 1) was less expected. It seems logical to assume that warm water species would expand their ranges into habitats vacated by cold and cool water species because of climate change and therefore would experience an increase in habitat without significant loss. However, the thermal tolerance of the least tolerant warm water species is very close to that of cool water species and these species will all be similarly sensitive to climate warming. Furthermore, the magnitude of water temperature change in many areas approaches or exceeds the entire range in high tolerance temperatures for the cool and warm water fish guilds (4 and 6°C respectively). The exact maximum tolerance temperature used to differentiate cool and warm water fish has only a minor effect on this result unless it is changed greatly. The results in Table 1 indicate again that the most widely distributed warm water species (fathead minnows, green sunfish, channel catfish, etc.) will benefit most from climate warming.
Another possible influence on the results is that the region (grid cells) where a species had been observed to establish a baseline distribution (except for the eight universally distributed species) was also the only area within which a species could expand under climate warming conditions. Therefore, the results of our analysis may overestimate the effect of climate change (habitat reduction) on some warm and cool water fish with limited distributions by inadequately allowing for replacement of cooler water fish by warmer water fish. Many species might be expected to migrate to, or be introduced into, additional areas where thermal and other habitat conditions become suitable as climate changes. We did not consider possible immigration of tropical or subtropical species currently outside or low in number inside the U.S. Many factors beyond the scope of our analysis will influence these movements, such as the availability of migration corridors (Matthews and Zimmerman 1990; Rahel et al. 1996) or the rate of climate change. We also expect that where thermal conditions become favorable, other environmental conditions may be sufficiently unfavorable to prevent colonization.
A third influencing factor relates to the poor state of knowledge about the thermal requirements of warm water fish. This knowledge deficit produces substantial uncertainty in estimates of the number of stations with suitable habitat before and after climate change. A sensitivity analysis revealed that if winter temperature tolerance corresponded to a summer maximum of 28°C instead of 26 and the summer maximum for the south-of-the-border species without UZNGs were 35°C instead of 34 (and therefore closer to the average UZNG), the projected change in habitat after climate warming would be a 14% increase. Even under the latter scenario, however, the habitat for half (15) of the warm water species is reduced.
Although our analysis of climate change effects has many uncertainties, several well-founded conclusions are possible. Major reductions in stream habitat for cold and cool water species would result from climate warming, but these effects would likely be reduced for fish living in lakes, especially larger, deeper lakes that stratify in summer, providing thermal refuges for inhabitants (e.g. Magnuson et al. 1990; Stefan et al. 1995) . Although effects will be greater in some areas than others because of warming hot spots or regional hydrology, the effects will be broad on species that are widely distributed; habitat will be reduced for warm water fish in the south and increased in the north; habitat will be reduced more uniformly for cold and cool water species across their entire ranges. The primary beneficiaries of climate change will be species that are currently widely distributed in the U.S. Those species with smaller ranges will suffer the greatest initial losses. Very limited knowledge about summer and winter temperature tolerances seriously impedes our quantification of the effects of climate change on warm water fish. Our analysis can serve as an index of the potential effect of climate warming on fish species and guilds of the U.S., and we hope it will stimulate additional relevant research on thermal requirements of fish.
